Siglec glycans Sialic acid Tolerance CD22 a b s t r a c t CD22 is an inhibitory B cell co-receptor that recognizes sialic acid-containing glycoconjugates as ligands. Interactions with its glycan ligands are key to regulating the ability of CD22 to modulate B cell function, the most widely explored of which is antagonizing B cell receptor (BCR) signaling. Most importantly, interactions of CD22 with ligands on the same cell (cis) control the organization of CD22 on the cell surface, which minimizes colocalization with the BCR. In contrast with the modest ability of CD22 to intrinsically dampen BCR signaling, glycan ligands presented on another cell (trans) along with an antigen drawn CD22 and the BCR together within an immunological synapse, strongly inhibiting BCR signaling. New concepts are emerging for how CD22 controls B cell function, such as changes in glycosylation at different stages of B cell differentiation, specifically on GC B cells. Related to these changes, new players, such galectin-9, have been discovered that regulate cell surface nanoclusters of CD22. Roles of glycan ligands in controlling CD22 are the primary focus of this review as we highlight the ability of CD22 to modulate B cell function. Distinguishing self from non-self in humoral immunity B cells as a double-edged sword in human health and disease B cells are a critical component of the adaptive immune system, giving rise to plasma cells that ultimately produce protective antibodies, as well as memory B cells that enables a rapid response to future encounter with the pathogen [1]. In addition to being the original source of antibodies, B cells play key roles in secretion of cytokines and chemokines for the regulation of other immune cells [1e3] and contribute to differentiation of cognate CD4 þ T cells through B-T cell interaction [4]. Dysregulation of B cell responses, which
Distinguishing self from non-self in humoral immunity B cells as a double-edged sword in human health and disease B cells are a critical component of the adaptive immune system, giving rise to plasma cells that ultimately produce protective antibodies, as well as memory B cells that enables a rapid response to future encounter with the pathogen [1] . In addition to being the original source of antibodies, B cells play key roles in secretion of cytokines and chemokines for the regulation of other immune cells [1e3] and contribute to differentiation of cognate CD4 þ T cells through B-T cell interaction [4] . Dysregulation of B cell responses, which defines many autoimmune disorders, highlights the challenge for B cells in maintaining tolerance to self. Indeed, pathogenic autoantibodies are produced in following conditions like systemic lupus erythematosus (SLE) [5] , Grave's disease [6] , and Sj€ ogren's syndrome [7] . Other key functions served by B cells can also become dysregulated; for example, strong evidence supports a role for B cells as antigenpresenting cells in rheumatoid arthritis [8] . Mechanisms that maintain B cell tolerance to self are of great interest in understanding the etiology of autoimmune diseases, which could guide the development of a new generation of immunomodulatory therapies. This review is not an exhaustive look at tolerogenic mechanisms, but an examination of one particular regulatory co-receptor on B cells, called CD22, which plays an important role in maintenance of peripheral B cell tolerance. Prior to exploring the role(s) for CD22 in tolerance to self, we will first describe the initial steps in response of B cells to antigen and the potential for inhibitory co-receptors to modulate these responses as a form of self-recognition.
The B cell receptor (BCR) complex
The initiation of antibody responses begins with the stimulation of B cell receptor (BCR) complex, which transmits downstream signals leading to B cell activation, proliferation, and differentiation. A critical component to this signaling event is the Src family kinases -one of which is Lyn -that phosphorylates the immunoreceptor tyrosine-based activation motifs (ITAMs) of CD79a/b, leading to recruitment of the kinase Syk and subsequent activation of downstream signaling pathways, such as ERK1/2, Akt, MAPK, NFAT, and NF-kB. Detailed information about the BCR signaling has been reviewed elsewhere [9, 10] .
The need for inhibitory co-receptors to tune BCR signaling
The classical two-signal hypothesis postulates that multiple positive signals are required to ensure specificity of an immune response to an antigen, while also preventing selfreactivity [11] . For B cells, these two key signals come from encounter of BCR with antigen and interaction with their primed cognate CD4 þ T cells. However, the following circumstances predict the need for additional mechanisms that help maintain B cell tolerance to self, particularly in the periphery: (1) escape of B and/or T cells from central tolerance, which is known to occur [12] ; (2) encounter of highly multivalent self-antigens by the B cell that are capable of causing Tindependent antibody responses [13] ; (3) encounter of selfantigens under inflammatory conditions that can provide an alternative second signal (i.e. T-independent type 2 antigen) [14] ; (4) bystander T cell help stemming from infection of cells with a pathogen [15] ; and (5) a switch to self-reactivity following somatic hypermutation in the GCs [16] . Regulatory suppressor cells are one mechanism that contributes to the maintenance of self-tolerance under such conditions [17] . However, as is common in the immune system, redundant mechanisms are in place to prevent autoimmune responses.
The availability, or lack thereof, of T cell help and the actions of regulatory cells are both extrinsic factors imparted on the antigen-specific B cells. Other mechanisms limiting selfreactivity in the periphery are intrinsic factors -specifically, inhibitory BCR co-receptors that tune BCR signaling, including the well-studied inhibitory receptors [18] , FcgRIIB [19] , CD22 [20] , and Siglec-G [21] , and the less well-studied inhibitory receptors PECAM1, PIR-B, and PD-1 [22] . With the ability to antagonize BCR signaling, inhibitory co-receptors have the potential to help avoid reactivity to self in two ways [ Fig. 1 ]. In the first mechanism, they create a threshold for BCR signaling,
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Intrinsic Inhibition Extrinsic Inhibition Fig. 1 Intrinsic and extrinsic models for BCR inhibitory co-receptors. (A) Intrinsic functioning of BCR inhibitory co-receptors wherein they constitutively dampen B cell activation by antagonizing the BCR signaling, thereby setting a threshold that prevents B cell from being activated by weak self antigens, such as soluble autoantigens. (B) Extrinsic functioning of BCR inhibitory co-receptors wherein their ability to antagonize BCR signaling is dependent on how the antigens are displayed. For example, co-expression of self-associated molecular recognition patterns with membrane-bound antigens on another cell have the potential to draw the inhibitory receptor into an immunological synapse and prevent B cell activation.
such that they prevent reactivity to weak antigens that could be considered self, such that the B cell remains silent (ignorant) or becomes unresponsive due to a very weak signal (anergic) [ Fig. 1A ]. While this mechanism is a commonly held view of BCR inhibitory co-receptors, it is interesting to note that germline encoded BCR clones arising from immunization to even foreign antigens are typically quite low affinity and only develop high affinity through the GC reaction [23] . A second potential mechanism involves a more active recognition of self by the inhibitory BCR co-receptors, which borrows from the well-established roles for inhibitory receptors on Natural Killer (NK) cells [ Fig. 1B ]. For NK cells, recognition of self by inhibitory receptors on other cells helps to ensure that they only mount effective responses in case of 'missing self' [24] . While data to support this mechanism on B cells are not abundant, experimental systems to examine this hypothesis are necessarily more complex. One defining feature distinguishing these two models is the context in which the antigen is displayed in a soluble form [ Fig 
Glycans in self-recognition
One increasingly appreciated molecular determinant in self/ non-self-discrimination are cell surface oligosaccharides, described more generally as glycans. Glycans are typically covalently linked to membrane-bound proteins and lipids and are present on all levels of life. Unlike the genetic code that is conserved throughout evolution, the pattern of glycosylation between humans and pathogenic organisms (i.e. parasites, fungi, and bacteria) has, for the most part, divergently evolved [25] . One unique feature of cell surface glycans in vertebrate cells is that they are capped by the monosaccharide sialic acid, which is a group of nine-carbon sugars from the nonulosonic acid family [26] . Sialic acids are ubiquitously and abundantly found on the surface of all human cells as the terminating sugar in glycolipids (gangliosides) and glycoproteins (complex N-glycans and mucin type O-linked glycans) [ Fig. 2 ]. Due to the limited expression of sialic acid in many pathogens, our immune system has developed a means of differentiating these glycan variations and respond to them accordingly [27] . The glycosylation pattern on most pathogens is substantially different than mammalian-type glycosylation, therefore, cell surface glycosylation patterns are a unique signature of an organism that can used by the immune cells in self/non-self discrimination. One notable unique feature of mammalian glycosylation is the abundance of sialic acid sialic acid (purple diamond) that is abundant on all mammalian cells but absent on many pathogens.
Glycoprotein
Recently, an increasing number of studies suggest the potential involvement of sialic acid-containing glycans in immunological self-recognition events. This notion was first demonstrated with factor H (FH), a serum protein which controls the complement activation pathway [28] . FH binds to sialic acid on the surface of host cells and promotes the degradation of non-selectively bound complement C3b, a powerful opsonin that tags cells for phagocytosis [29] . Manipulation of antigens to express sialic acid-containing glycans substantially reduces their immunogenicity [30] . This review explores sialylated glycans as self-associated molecular patterns (SAMPs) [27] in their ability to regulate B cell function through serving as ligands for CD22.
CD22 as an inhibitory B cell co-receptor

Expression pattern of CD22
CD22 is a member of the sialic acid-binding immunoglobulintype lectin (Siglec) family of immunomodulatory receptors. Fifteen Siglecs in human are differentially expressed predominantly throughout the hematopoietic lineage [31] . Exceptions for expression outside the hematopoietic lineage are also growing [32e34]. CD22 is one of four conserved Siglecs that share substantial sequence similarity with orthologs from other species, which are unlike the remaining Siglecs, part of the CD33-related subfamily, that are less well conserved [35, 36] . On B cells, expression of CD22 is first apparent at the pro-B cell stage of B cell development in the bone marrow, reaching its highest expression, approximately 65,000 copies [37] , by the mature B cell stage in the periphery [38] . CD22 maintains its high expression on naïve B2 [39] , B1 [40] , marginal zone [39] , GCs [41] , memory [42] , and regulatory [43] B cells in both mouse and man. Like many other critical B cell receptors, expression of CD22 is lost upon differentiation of B cells to plasma cells [44] , with intermediate expression on plasmablasts [45] .
The ability of CD22 to antagonize BCR signaling
Many studies have demonstrated that CD22 is capable of antagonizing BCR receptor signaling, which is evident by hyperactivation in response to BCR ligation in B cells lacking CD22 compared to their CD22-expressing counterpart [20] . In a recent internally-controlled competitive Ca 2þ flux assay, this degree of hyperactivation was quantified as being 50% higher in CD22 À/À compared to WT primary splenic B cells. Interestingly, this same degree of regulation was demonstrated for human and mouse CD22 [46] as well as a human B cell line in which CD22 was knocked out [47] . It is interesting to note this hyperactivation appears to be somewhat unique to dimeric crosslinking with anti-BCR antibodies (F(ab')2 anti-IgM) [ Fig. 3A ]; high affinity antigen (HEL) stimulation of IgM HEL B cells showed no difference between WT and CD22 À/À B cells in two independent reports [ Fig. 3B ] [48, 49] and multivalent presentation of antigen can even show hypo-responsivess in CD22 À/À B cells [ Fig. 3C ] [46, 50] . These differences reveal that the hyperactive phenotype of naïve CD22 À/À B cells is not a universal principle and may relate to the degree of BCR engagement and crosslinking. Potentially related to this point is that several independent studies have reported that antibody production in response to T-dependent antigens are moderately blunted in CD22-deficient mice compared to WT mice [46, 51] ; a role for CD22 in plasma cell formation could also account for this [42] .
A prerequisite for CD22 to antagonize BCR signaling is proximity of CD22 to the BCR [ Fig. 4 ]. In the absence of significant recruitment of CD22 to the BCR complex, BCR signaling activates the five major aforementioned downstream pathways [ Fig. 4A ]. Recruitment of CD22 to the BCR results in four key steps [ Fig. 4B ]. First, CD22 is phosphorylated on its cytoplasmic tail immunoreceptor-based inhibitory motifs (ITIMs), primarily by the kinase Lyn [52] . Second, Shp-1 phosphatase is recruited to the phosphorylated ITIMs. Third, once Shp-1 is recruited to the BCR signaling complex, it antagonizes BCR signaling by removing phosphate residues of
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proximal signaling components, such as those initiated by Syk kinase [53, 54] . Finally, BCR signaling is inhibited. It is worth noting that Lyn is itself spatially regulated on the cell surface within the activatory microdomains [55] , hence, it is conditions where CD22 enters these activation domains where it will become phosphorylated. Studies that have forcing CD22 and the BCR together, using polymers or liposomes codisplaying antigen and ligands of CD22, have clearly demonstrated how potently CD22 is phosphorylated when brought into an activatory microdomain along with the BCR [52, 56, 57] , while establishing a clear requirement for Lyn and Shp-1 [58] .
A brake that is constantly depressed or an emergency brake for threatening situations?
The earlier model depicted CD22 as acting constitutively to suppress B cell activation and create a threshold of BCR signaling that prevents inadvertent activation to weak signals that could be considered a form of self-recognition [59] . An alternative view is that CD22 acts more analogously to an emergency break to prevent unwanted B cell responses under the appropriate circumstances. These two views are by no means mutually exclusive and, indeed, could be synergistic. In the rest of this review, we explore recent work implicating CD22 in mediating B cell tolerance with a special emphasis placed on the glycan ligands of CD22 and their ability to guide the inhibitory function of CD22 as an inhibitory B cell coreceptor. Knowledge of the glycan ligands of CD22 will first be examined, followed by how these glycan ligands regulate CD22 on the surface of B cells.
Glycan ligands of CD22
Sialic acid ligands for CD22 are a2-6 sialiosides Work dating over 25 years ago established a2-6 sialosides on complex N-glycans as ligands for CD22 [53, 54, 60, 61] . Despite the conserved specificity for a2-6 sialosides, CD22 from mouse and man have a finer ligand preference that relates to the type of glycan structures found in each respective species [ Table 1 ]. In mice, B cells predominantly express a variant of sialic called N-glycolylneuraminic acid (Neu5Gc) linked to an underlying LacNAc (Neu5Gca2-6LacNAc) on cell surface glycans. However, Neu5Gc is not produced in humans due to inactivation of the enzyme responsible for the biosynthesis of Neu5Gc, called CMP sialic acid hydroxylase (CMAH), meaning that all sialic acid on human cells is N-acetylneuraminic acid (Neu5Ac) [62] . Mouse CD22 (mCD22) has a strong preference for a2-6 sialosides containing Neu5Gc compared to the same structures but with Neu5Ac [63] , which is on the order of 20-fold [41] . In contrast, human CD22 (hCD22) shows little discrimination between Neu5Gc and Neu5Ac [63] and increased affinity for a2-6 sialosides bearing a GlcNAc-6-sulfate residue [41] .
Glycan ligands of CD22 on the same cell surface
Interactions between CD22 and glycan ligands on the same cell surface, denoted as cis interactions, are well established. Experimentally, cis ligand interactions are evident in two ways. The first is that removal of sialic acid on the surface of B cells -by neuraminidase digestion, mild periodate oxidation With recruitment of CD22 to the BCR during its activation, Lyn-mediated phosphorylation ITIMs on the cytoplasmic domain of CD22 recruits Shp-1 phosphatase that dephosphorylate Syk and other proximal BCR signaling components, leading to inhibited BCR signaling. [60] or genetic ablation of St6gal1 [65] -greatly increases the ability of CD22 to engage with trans glycan ligands on another cell or particle bearing glycan ligands of CD22. The second evidence for cis ligands comes from studies with photocrosslinkable versions of sialic acid, which can be incorporated into cell surface glycoconjugates enzymatically or metabolically [66, 67] . An important finding that came out of these crosslinking efforts, in conjugation with proteomics to identify binding partners of CD22, is that CD22 preferentially interacts with another molecule of CD22 to form homomultimers [68] . These results are in line with CD22 itself being a glycoprotein that contains 5e6 sites of complex N-glycosylation in its three most N-terminal domains [69] . It remains to be established precisely which N-glycan site preferentially acts as a ligand on a neighboring CD22 protein, but it is intriguing to speculate that it is Asn101, which is indispensable for protein folding [69] . Imaging studies have confirmed that CD22 is present in nanoclusters [37, 47] and that the size of these clusters is governed by interactions between CD22 and its glycan ligands [47] . The relationship between these CD22 nanoclusters and proximity of CD22 to the BCR will be explored below.
Glycan ligands of CD22 on another cell surface
The presence of cis interactions suggested that interactions between CD22 and glycan ligands on an opposing cell, described as a trans interaction, may only be possible upon loss of cis interactions [64, 65] . However, that was shown to not be the case, with the discovery that CD22 is drawn into the site of cell contact with other lymphocytes, which is dependent on a2-6 sialosides on the other cells [70] . Scaffolds that present synthetic high affinity CD22 ligand in a multivalent manner, have also shown to successfully engage in trans interactions with CD22 [66,71e73] . Moreover, a photo-crosslinking study, which used a similar approach that identified cis ligands, revealed that soluble CD22 is capable of interacting with glycan ligands on the surface of a B cell [67] , which is in line with staining of B cells with soluble CD22-Fc chimeric constructs [61] . Recently, the crystal structure of CD22 was determined, which in combination with single-particle electron microscopy and small angle x-ray scattering elegantly allowed Julien and co-workers to come up with a model of CD22 in which its seven extracellular domains form a rigid rod that can accommodate both cis and trans interactions [69] . Interestingly, this rigid structure has not been observed for similar cell surface proteins, such as RPTPs [74] , suggesting that this rigidity could help CD22 interact with glycan ligands in trans.
Roles of glycan ligands in controlling CD22 as a BCR inhibitory co-receptor
The ability of cis ligands to regulate nanocluster size, cellular organization, and dynamics of CD22 The first proposed model for glycan ligand-mediated regulation of the BCR by CD22 was one in which CD22 directly recognizes sialoside ligands on the BCR itself [75, 76] . This model was challenged several years later by the characterization of B cells lacking CD22 ligand, namely B cells from St6gal1 À/À mice [77] . Specifically, it was discovered that St6gal1 À/À B cells are hypo-responsive to BCR stimulation. Later, it was found that this hypo-responsiveness is the result of significantly increased colocalization CD22 with the BCR in St6gal1 À/À B cells [78] . Consistent with the hypo-responsiveness of BCR signaling at the cellular level, St6gal1 À/À mice also generate impaired antibody responses [77] . These findings were later corroborated by Nitschke and co-workers who elegantly demonstrated BCR hypo-responsiveness with a combination of neuraminidase-mediated removal of CD22 ligands from the cell surface and the development of a knock-in mice in which CD22 cannot bind sialic acid due to R130E mutation of an essential arginine [79] . The explanation for these observations is grounded in the aforementioned ability of CD22 to homomultimerize in a ligand-dependent manner [68] [ Fig. 5 ]. In the absence of ligands, CD22 is more able to co-localize with the BCR, which could be the consequence of three effects: (1) proteineprotein interactions [80] ; (2) hetero-dimerization by galectins [81] ; or (3) increase mobility https://www.zotero.org/ google-docs/?KaqFiD [37] . In the presence of ligands, nanoclusters of CD22 effectively maintain CD22 away from the BCR [ Fig. 5A ]. Additional evidence for CD22 being largely maintained away from the BCR comes from studies that force CD22 with the BCR, showing how profoundly this can inhibit BCR signaling relative to the modest difference in BCR signaling comparing WT to CD22 À/À B cells. A recent study using a nanomolar affinity soluble CD22 ligand also reported that this compound was capable of causing hypo-responsiveness of B cells in an St6gal1-dependent manner, which is consistent with this model [82] . Therefore, pharmacological, enzymatic, and genetic approaches to ablate CD22 ligands on the cell surface all demonstrate the same phenomenon, which is that they increase association of CD22 with the BCR, leading to hypo-responsive BCR signaling [ Fig. 5B ]. Super resolution microscopy studies have nicely confirmed a role for ligand binding in keeping CD22 away from the BCR [37] . It was also revealed that there is a ligand-dependent role for interactions between CD22 and CD45 in regulating CD22 organization and dynamics. However, this same study also reported that the cytoskeleton does not regulate CD22 and CD45 organization, which contrasts with the reported regulation of CD45 organization by the cytoskeleton in T cells [83, 84] . These results highlight that there is likely still be unanswered questions on CD22 cell surface organization. One additional layer of complexity was recently revealed by a number of studies exploring a role for galectin-9 in regulating CD22 organization [85, 86] . Galectins are another class of glycan-binding proteins that are capable of dimerizing proteins on the cell surface [87] . The most striking results linking galectins to CD22 comes from addition of exogenous galectin-9 to B cells, which demonstrated an increase in CD22 nanocluster size, increased association of CD22 with the BCR, and dampening of BCR signaling. Results comparing WT to galectin-9 À/À B cells were less dramatic with activation of ERK showing hyper-responsiveness, but not CD19 or Akt [86] . More recently, it was confirmed that glycan ligands on CD22 itself regulate the ability of galectin-9 to promote association of CD22 with the BCR [47] . By taking advantage of a mutant version of CD22 lacking five N-glycan sites dispensable for protein folding expressed in a human B cell line, it was demonstrated that CD22 with deficient N-glycosylation displayed larger clusters without altering its mobility. Importantly, without the sites of N-glycosylation, exogenous galectin-9 no longer had the ability to increase association of CD22 with the BCR.
The ability of trans ligands to recruit CD22 into immunological synapse
Earlier evidence by Neuberger and co-workers first showed the involvement of CD22 trans ligands in modulating B cell responses [88] . The group observed that activation of splenic B cells upon encounter with target cells is inhibited in a CD22 trans ligand-dependent manner. Ectopic expression of St6gal1 in target cells that do not express CD22 ligands effectively dampened the stimulation of B cells in an in vitro co-culture assay, suggesting that expression of CD22 ligands on antigen-bearing cell can inhibit the activation of B cells by potentially drawing CD22 at the immunological synapse between B cell and its target cell [ Fig. 6 ]. These findings were followed up over a decade later with the use of wellestablished mouse transgenic lines [89] that enabled autoreactivity to membrane-bound antigens to be investigated [50] . Incubation of hen egg-white lysozyme (HEL)-specific B cells with lymphocytes displaying membrane-bound HEL (mHEL) revealed that glycan ligands of CD22 draw CD22 into an immunological synapse. However, when CD22 ligands were destroyed either through genetic ablation of St6gal1 or mild periodate oxidation, recruitment of CD22 to the Glycan-dependent homomultimeric interactions between CD22 and heteromultimeric interactions with CD45, within these nanoclusters, act to keep CD22 and the BCR minimally associated on resting naive B cells. Galectin-9 appears to be involved in regulating the extent to which CD22 is kept away from the BCR since galectin-9 À/À B cells show modestly hyperactive BCR signaling, while exogenously added galectin-9 dampens BCR signaling. (B) In the absence of cis glycan ligands or in knock-in B cells wherein CD22 cannot bind sialic acid -St6gal1 À/À or CD22 R130E B cells, respectively -CD22 nanoclusters are smaller and more mobile, leading to increased association between CD22, potentially in galectin-9-dependent manner.
immunological synapse was abrogated. As a consequence of CD22 recruitment, BCR activation was strongly inhibited, which was observed in vitro by CD86 upregulation and in vivo through B cell proliferation and survival. These actions of CD22 not only inhibited proliferation, but also decreased the viability of B cells in vivo, although survival was not fully restored in CD22 À/À B cells since an overlapping role for Siglec-G was reported, such that a full break in tolerance was only observed in CD22 À/À Â Siglec-G À/À B cells. Although these model systems demonstrate conceptual support for a role for trans ligands in preventing B cells from responding to membrane-bound autoantigens, direct evidence of this phenomenon in an intact non transgenic mouse has remained elusive. The first evidence that CD22 may be involved in maintaining self-tolerance came from autoantibodies produced in CD22-deficient mice [90] . However, this finding was later found to be strain-dependent since CD22 À/À mice on a pure C57Bl/6 background do not show signs of overt autoimmunity [91] . Likewise, a mouse model carrying a CD22 mutation (R130E) that renders it incapable of binding to its glycan ligands also does not develop autoimmune-related symptoms [79] . On the other hand, CD22 À/À Â Siglec-G À/À mice produce aberrant levels of autoantibodies and show signs of overt autoimmunity, as documented by kidney damage, that is over and above the milder autoimmunity observed in Siglec-G À/À mice [21] . In more recent work by Nitschke and co-workers, a CD22 and Siglec-G double knockin mouse was created with mutations at the critical arginine in both Siglecs, which allowed them to investigate the impact of abolishing sialic acid binding on B cells in immune tolerance [92] . Interestingly, these double mutant mice did not display the same autoimmunity as CD22 À/À Â Siglec-G À/À mice [51] . There are two possible interpretations of these findings: (1) trans ligands of CD22 (and Siglec-G) do not significantly impact B cell tolerance induction in mice or (2) CD22 R130E produces a dominant effect in suppressing B cell activation that does not enable a break in tolerance to be observed. Consistent with the latter possibility, an easier study using St6gal1 ligand-deficient B cells, which show the same hyporeactivity as compared to CD22 R130E knock-in mice, crossed onto an autoimmune prone mouse strain prevented the development of autoimmunity [93] . More complex genetic variants of CD22 can be envisioned as a way to address this dominant effect, but the ultimate evidence for the importance of trans ligands of CD22 in maintaining peripheral B cell tolerance would be the demonstration of autoreactive antibodies arising to membrane autoantigens in mice lacking CD22 ligands on cells other than B cells.
Exploiting CD22 with synthetic trans sialosides to impact B cell fate
Current therapies for managing disorders like autoimmunity [5] largely rely on immunodepletion therapy and immunosuppressive medications that globally repress the immune system and compromise the ability to fight off infections [94] . Therefore, new therapies that specifically target autoreactive B cells are imperative. Leveraging the knowledge that particles displaying both antigen and ligands of CD22 have an extremely weak ability to activate the BCR, due to coclustering of CD22 with the BCR [52, 95] , this was taken a step further by examining the consequences of doing so with a T-dependent antigen [56] . Working with liposomal nanoparticles, which have a fluid membrane, it was shown that Siglec-engaging Tolerance-inducing Antigenic Liposomes (STALs) could induce antigen-specific tolerance of B cells in mice to protein antigens. Tolerance induction was shown to be mediated through deletion of the antigen-specific B cell from the B cell repertoire [50] . The mechanism of this depletion relates to basic B cell biology wherein resting naïve B cells, tonic BCR signaling is essential for B cell survival [ Fig. 7A ] [96] ; STALs inhibited tonic BCR signaling, as evidenced by decreased levels of phosphorylation on Akt and several of its downstream targets, compared to resting cells [56] . The result was decreased phosphorylation of FoxO3a, which prevented it from being retained in the cytoplasm, giving rise to import of FoxO3a into the nucleus where it is capable of upregulating pro-apoptotic factors, such as Bim [ Fig. 7B ]. Consistent with this mechanism, B cells lacking the critical pro-apoptotic factor Bim simply remained ignorant of STALs [50] .
The application of STALs to induce robust suppression of antibody production, as a demonstration of their potential as a treatment strategy, was first demonstrated with FVIII, which is a blood-clotting protein and essential anti-hemophilic factor [97] . Administration of recombinant FVIII in previously STAL-tolerized FVIII-deficient mice -a mouse model for hemophilia A [98] -prevented the production of anti-FVIII antibodies, which subsequently enabled the delivery of FVIII to prevent bleeding in a tail clip assay. Two recent studies further illustrated the effectiveness of CD22 targeting-STALs in tolerizing B cells reactive towards 2S albumin (Ara h 2; the major peanut allergen) and citrulline, which are two antigens implicated in peanut allergy and rheumatoid arthritis, respectively [99, 100] . The latter of these studies suggested it is possible to induce tolerance in human antigen-specific B cells since STALs bearing a citrullinated antigen prevented the formation of anti-citrulline antibodies upon a subsequent in vitro challenge. Overall, these studies establish that liposomes targeting antigen-specific BCR and CD22 can suppress undesirable B cell-modulated humoral responses and prevent subsequent antigen sensitization. However, it remains unknown how effective STALs are at inducing long-term tolerance, especially in inflammatory conditions that could revert immune tolerance [101] . In this respect, co-administration of therapeutics aimed at dampening T cells [102] holds a lot of promise, and one study did suggest that STALs encapsulated with rapamycin may have an advantage [103] .
Remodeling of CD22 glycan ligands in B cell differentiation and cell fate decision
The majority of studies looking at the functional effects of CD22 have focused on naïve B cells. However, a series of studies have documented changes in the glycan ligands of CD22 in later stages of B cell differentiation; namely, the GC [41] . The GC is a transient structure formed within the secondary lymphoid organs following immunization with a Tdependent antigen [104] . Development of GCs is a crucial event for mounting robust humoral responses against antigens, as it is the site antibody affinity maturation, with the products of the GC being long-lived memory B cells and antibody secreting cells (ASCs) [105] . It was found that in both mouse and human B cells, the high affinity cis glycan ligands for CD22 are lost in GC B cells relative to the naïve and memory B cell compartments [41] . Remarkably, these changes in CD22 glycan ligands are species-specific and cater to the specificity of CD22 from mouse and man [ Table 1 ].
Cis ligands on resting naïve B cells 'mask' the ability of CD22
to interact with trans ligands, thereby creating a threshold for trans binding [64] . Conditions in which there is lower levels of expression of cis ligands are expected to unmask CD22 and increases its association with trans ligands [41] . Indeed, the consequence of loss of the higher affinity CD22 ligand on GC B cells was revealed through binding studies with fluorescent liposomes bearing a specific glycan ligand specific for CD22, where it was demonstrated that CD22 on GC B cells have an enhanced ability to bind trans ligands. Therefore, unmasking of CD22 on GC B cells is a phenomenon conserved between mouse and man, which occurs through different mechanisms. The functional consequences of unmasking of CD22 on GC B cells is still unknown, however, it is intriguing that work by Clark and colleagues demonstrated that memory B cell formation from GC B cells is impaired [42] . A defined mechanism for how unmasking of CD22 could impact memory B cell differentiation is unknown, but it was noted that subsets of GC B cells were skewed in CD22 À/À mice, thus it does suggest that CD22 may play a role at this stage of B cells, albeit initial formation of GCs in CD22 À/À does not appear to be significantly impaired [42, 91, 106] . Unmasking the sialic acid binding domain of CD22 should enhance the ability of CD22 to engage with trans ligands on other cells in the GC compartment, such as follicular helper T cells, follicular dendritic cells, and CXCL-12 expressing reticular cells. Another change in glycosylation within the GC that impacts CD22 was also recently revealed by Dimitroff and coworkers, wherein they added to concept of galectin-9 mediated regulation of CD22 nanoclusters [85] . Specifically, it was shown that human GC B cells upregulate expression of a unique galactosyl transferase, called GCNT2, that initiates a type of branching within complex N-glycans known as Ibranching. The consequence to galectin-9 is that I-branching destroying galectin-9 binding sites and, consistent with this, exogenous fluorescently-labeled galectin-9 staining of GC B cells is considerably lower than naïve B cells. Given the proposed role of galectin-9 in mediating CD22 nanoclusters on naïve B cells, the results suggest that loss of galectin-9 ligand on GC B cells could impact CD22 organization on GC B cells. How I-branching on glycans affects their ability to interact with CD22 remains an unanswered question.
Beyond regulation of the BCR: other roles for CD22 in control B cell function
Regulating interactions with other immune cells
Natural trans ligands of CD22 on T cells was first identified over two decades ago [61] , yet studies devoted to the functional role of these interactions on T cells have been limited. Using a soluble recombinant version of CD22 (CD22Rg), Aruffo et al. [107] identified CD45RO and other CD45 isoforms as one of CD22 ligands on T cells and suggested that association of CD22 with these glycoproteins may participate in T cell function [ Fig. 8 ]. Specifically, crosslinking of CD3 and trans CD22 ligands, using anti-CD3 and CD22Rg, resulted in inhibited intracellular Ca 2þ release and phospholipase Cg1 phosphorylation when compared with T cells ligated with anti-CD3 alone. Similarly, a later study found that blocking the interaction of CD22 and its trans glycan ligands using a monoclonal antibody diminished the capacity of activated B cells to stimulate T cell proliferation in vitro [108] , suggesting that failure to bring CD22 and/or its trans ligands into an immunological synapse may alter the outcome of B-T interactions. Therefore, while it is tempting to speculate that CD22 may impact the activation of cognate T cells via trans ligand interaction, definitive experiments to directly test this hypothesis are needed.
Beyond T cells, dendritic cells also express glycan ligands for CD22 [109] . In vitro co-culture of bone marrow-derived immature DCs (iDCs) with naïve B cells induces strong inhibition of B cell proliferation following BCR ligation in a CD22 and contact-dependent mechanism [109] . iDCs can also suppress TLR-induced B cell proliferation of B cells that through CD22-CD22 trans ligand contact [110] . Deletion of CD22 restored proliferation of stimulated B cells even in the presence of iDCs. Interestingly, abrogation of St6gal1 on iDCs, like WT iDCs, repress BCR-induced proliferation of WT B cells, suggesting that CD22 may recognize St6gal1-independent trans ligands on iDCs to initiate suppression of BCR signaling.
Regulating Toll-like receptor (TLR) signaling
Earlier studies from CD22 À/À mice revealed an altered response in B cells following stimulation with a variety of TLR ligands [91] , where CD22 appears to act as a negative regulator. More detailed analysis of WT versus CD22 À/À B cell responses to a variety of TLR ligands have solidified these findings [82, 111] . It is intriguing that up to a 5-10-fold increase in responsiveness to TLR ligands in CD22 À/À B cells is significantly more than the 50% increase in BCR stimulation. Noteworthy is that several TLRs, such as TLR3 and TLR9, are not cell surface resident, but located in cytoplasmic endosomes [112] ; and uptake of CD22 through endocytic pathways [91] may present a distinct possibility, although not proven, that CD22 and TLRs co-exist at least temporarily within the same endosomal compartments [ Fig. 8 ]. Even if CD22 does enter the same intracellular compartment as TLRs, it is not entirely obvious how CD22 would antagonize TLR signaling given that a role for Shp-1 in regulating this TLR signaling on B cells is still not well-understood [113] . Adding to the body of data for how CD22 may regulate TLRs, a recent study using high affinity soluble CD22 ligands demonstrated that treatment results in exaggerated response of B cells to TLR stimulation but, unexpectantly, these results were not St6gal1-dependent [82] . Future studies analyzing the response of knock-in mice lacking the ITIMs of CD22 [79] to TLR stimulation may prove to be informative.
Homing to specific lymphoid organs
Early on, CD22 was thought to be an adhesion receptor on B cells [114] . Supporting this concept came from studies demonstrating that CD22 facilitates physical contact with activated human endothelial cells [115] and hematopoietic stem cell-derived cells [114, 116] in vitro by recognizing its canonical glycan epitope, a2-6-linked sialic acid, on the surface of these cells. Subsequently, it was discovered that recirculating mature IgD þ B cells migrate to the bone marrow in a CD22 ligand-dependent manner. Using a soluble recombinant version of CD22 (CD22-Fc), Nitschke and co-workers identified sialylated ligands of CD22 are expressed on sinusoidal endothelial cells (ECs) in the bone marrow [117] . Administration of anti-mouse CD22 antibodies or CD22-Fc block CD22 ligand interactions, resulting in reduced migration of mature B cells in bone marrow by approximately 50 percent, recapitulating the observations from other studies using CD22-deficient mouse models [81, 118] . Furthermore, adoptive transfer of WT B cells into St6gal1 knockout mice resulted in a diminished capacity of B cells to home in the bone marrow.
Several decades later after CD22 was formally proposed as an adhesion receptor, this concept was formally revisited by Butcher and co-workers who discovered a crucial role CD22 in the recruitment and homing of B cells to the gut-associated lymphoid tissues (GALTs) [119] . GALT is comprised of Peyer's patches (PPs) and mesenteric lymph node (MLN), which are secondary lymphoid organs that are critical for immune responses to gut-derived antigens from food and microbes [120] . High endothelial venules (HEVs) from the GALT were found to express high levels of St6gal1 compared to capillary endothelial cells and HEVs of the skin-draining peripheral lymph nodes (PLN). At a finer level, it was also noted that PPs express relatively more St6gal1 than the MLN. Short-term homing of adoptively transferred WT and CD22 À/À B cells into WT mice demonstrated a critical role for CD22 in trafficking to the PPs but not to the PLN, and this CD22-dependent effect was lost in St6gal1 À/À mice. In line with the higher expression of St6gal1 with the PP, B cell homing to the PP was more CD22 dependent than to the MLN. These findings revealed an important role of CD22 and its trans glycan ligands in effective homing of B cells to the gut lymph nodes [ Fig. 8 ]; however, how differential expression of St6gal1 between PPs and MLN affects intestinal cells, such as cognate interactions mediated through presentation of antigenic peptides on MHC-II, have been suggested to be modulated by trans interaction of CD22 with glycan ligands on T cells; the importance of these interactions remains poorly defined. (lower left portion of cell) CD22 is implicated as an adhesion receptor that binds to trans glycans on high endothelial venules (HEVs) in the gut and bone marrow to facilitate B cell homing to these locations. (lower right portion of cell) Loss of CD22 expression in B cells results in significantly hyperactive TLR signaling, suggesting that CD22 transit to the same endosomal compartment as TLRs and regulate TLR signaling; a direct role in CD22 regulating TLR signaling and the presence of CD22 in the same compartment as TLRs has yet to be established. immune homeostasis as well as the quality of B cell responses at these sites remains to be elucidated.
Conclusions
As a member of Siglec family, the ability of CD22 to dampen B cell activation is highly dependent on the ability CD22 to recognize a2-6 sialic acids on glycoconjugates present on surface of B cells or antigen-expressing target cells. Interactions of CD22 with cis ligand partners create highly organized CD22 nanoclusters, which sequesters CD22 away from the BCR complex in unstimulated B cells, whereby also creating a threshold for trans ligand binding. Association of CD22 with trans ligands in the context of a membrane that codisplays antigen can induce antigen-specific immunological tolerance. CD22-deficient mice or knock-in mice expressing a version of CD22 that cannot recognize its glycan ligands both do not show overt autoimmunity, which likely stems from redundant mechanisms that help enforce B cell tolerance [18] , such as the other major B cell Siglec, Siglec-G.
While roles of CD22 ligands in controlling B cell activation are well-documented, it is unclear how the shared contribution of cis and trans ligands affects CD22 function at different stages of B cell development. Are CD22 nanocluster size and density exclusively controlled by cis ligands? Will chronic or transient exposure to trans ligands on other cells remodel the nanoclusters? It is speculated that these dynamic changes in CD22 nanoclusters, potentially regulated through both cis and trans ligand interactions, fine-tune the BCR activation strength resulting in tonic signaling needed for B cell survival and for the persistence of memory B cell subsets in non-lymphoid organs. Furthermore, given the changes in sialic acid-linked glycans occur during B cell differentiation at the GC, it is of great interest to understand how these changes influence nanocluster size and CD22 interactions with cis and trans ligands.
